Thermoperiodism is defined as the ability to discriminate between day temperature (DT) and night temperature (NT). Our aim was to shed light on the mechanistic basis of thermoperiodic floral induction with acceleration under lower DT than NT compared with other DT-NT combinations at the same average daily temperature (ADT), a response exploited in temperate area greenhouses. Arabidopsis thaliana floral pathway mutants and a lhy circadian clock mutant as well as the expression of floral integrators and LHY (LATE ELONGATED HYPOCOTYL) were studied under different DT-NT combinations, all at the same ADT. We show that acceleration of floral induction under lower DT than NT is linked to increased FT expression early during the day and generally increased LFY expression preceding visible flower buds, compared with higher DT than NT or equal DT and NT. Consistent with FLOWERING LOCUS T (FT) action through LEAFY (LFY), time to floral transition in ft-1 and lfy-1 was similar under all treatments, in contrast to the situation for soc1-1, which behaved like the wild type (WT). The lhy-21 mutants did not discriminate between opposite DT-NT combinations, whereas LHY expression in the WT differed in these temperature regimes. This might suggest that LHY plays a role in thermoperiodic control of floral induction. We conclude that thermoperiodic control of floral transition is associated with modulation of the diurnal expression patterns of FT, with timing of temperature alteration being important rather than ADT.
Introduction
The ability of plants to discriminate between day temperature (DT) and night (NT) temperature is referred to as thermoperiodism (Went 1944, Myster and Moe 1995) . Although higher average daily temperature (ADT) generally accelerates floral induction as compared with lower ADT (Blazquez et al. 2003 , a specific ADT also affects flowering and morphogenesis differently depending on the specific diurnal temperature fluctuation. In Arabidopsis thaliana, lower DT than NT accelerates floral transition on the basis of the number of rosette leaves and days, compared with opposite or constant temperature regimes at the same ADT, possibly with stronger effect of NT than DT , Thingnaes et al. 2008 . Lower DT than NT or a daily temperature drop treatment in the morning commonly also results in reduced elongation growth (Myster and Moe 1995 , Grindal et al. 1998 , Stavang et al. 2005 .
Thermoperiodic response is exploited in the temperate area greenhouse industry for sustainable modulation of growth and development, reducing use of chemical growth regulators, potentially harmful to the environment and human health (Myster and Moe 1995 , de Castro et al. 2004 , Sørensen and Danielsen 2006 . For example, in Phalenopsis, a different DT from the NT promotes flowering compared with constant temperature, with warm DT inhibiting flowering (Blanchard and Runkle 2006) . Although DT is normally higher than NT, thermoperiodism also has relevance in natural environments. Earlier flowering in a range of species in recent decades in response to global warming (Fitter and Fitter 2002, Ellwood et al. 2013 ) appears to be due not only to increased mean temperature, but also to increased NT (Beaubien and Hamann 2011) . NT has increased in most parts of the world, particularly pronounced in northern areas, resulting in smaller difference between DT and NT (Karl et al. 1993 , Easterling et al. 1997 , Beaubien and Hamann 2011 .
In spite of significant impact of diurnal temperature fluctuation on plant growth and development, knowledge of mechanisms underlying thermoperiodism is scarce. Studies addressing thermoperiodic control of elongation growth in pea (Pisum sativum) and A. thaliana have demonstrated modulation of gibberellin and auxin content as well as auxin and ethylene signaling downstream of PHYTOCHROME INTERACTING FACTOR 3 (PIF3) (Grindal et al. 1998 , Stavang et al. 2005 , Stavang et al. 2007 , Stavang et al. 2010 , Bours et al. 2013 , Bours et al. 2015 . Studies of the wild type (WT), phyB, phyD and phyE mutants of A. thaliana at different DT-NT combinations indicated that phyochrome B (phyB), but not phyD and phyE, is required for thermoperiodic stem and petiole elongation, whereas none of these phytochromes is needed for thermoperiodic control of flower initiation (Thingnaes et al. 2008) .
In A. thaliana, different floral induction pathways have been characterized such as the photoperiodic, vernalization, gibberellin, energy and autonomous pathways (Amasino 2010) . These converge in a set of floral integrator genes; FLOWERING LOCUS T (FT), SUPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1) and LEAFY (LFY). Arabidopsis thaliana is a facultative long-day (LD) plant, and central in the photoperiodic pathway is the CONSTANS (CO) protein. CO enhances FT expression at the end of a LD by binding to the FT promoter (Valverde et al. 2004 , Tiwari et al. 2010 . The FT protein moves from the leaves to the shoot apical meristem (SAM) where it activates floral organ identity genes (Corbesier et al. 2007) . CO, in turn, is controlled by photoperiod-sensing phytocrome and cryptochrome photoreceptors, with CO transcript accumulating late in the day during LDs (Suarez-Lopez et al. 2001) . Light perceived by various photoreceptors then also stabilizes the CO protein, with FLAVIN-BINDING, KELCH REPEAT, F-BOX1 (FKF1) being central (Valverde et al. 2004 , Song et al. 2012 . The action of phytocrome and cryptochrome photoreceptors appears to be affected by temperature, or, alternatively, additional pathways might be active at different temperatures. Studies of phy mutants revealed that phyB mutants show later floral induction at 16 C than 22 or 23 C, and suggested that ambient temperature change can alter functional relationships between different phytochromes . cry2 mutants exhibit an exaggerated response to different ambient temperatures, with later flowering at 16 C than at 23 C (Blazquez et al. 2003) . Unlike cry2phyA mutants, cry1phyA appeared additive, suggesting that these light receptors do not act redundantly at these temperatures.
The phytochrome-interacting transcription factor PIF4 functions as a negative regulator of phyB signaling in A. thaliana, and plays a role in regulation of flowering time (Brock et al. 2010) . Kumar et al. (2012) demonstrated a direct mechanism by which increased temperature causes PIF4 to activate FT. pif4 mutants show accelerated flowering under high ambient constant temperature under LDs, but not short days (SDs) (Koini et al. 2009 , Kumar et al. 2012 .
Vernalization of A. thaliana by exposure to low temperature decreases FLOWERING LOCUS C (FLC) expression (Sheldon et al. 2000) . High FLC levels suppress flowering by suppressing expression of FT, FLOWERING LOCUS D (FD) and SOC1 (Searle et al. 2006) . Furthermore, delayed flowering in A. thaliana at constant ambient 16 C compared with 22 or 23 C correlates with decreased FT transcript content (Blazquez et al. 2003 . Plants mutated in the FCA and FVE genes of the overlapping autonomous/vernalization pathways (Blazquez et al. 2003) are generally late flowering unless their FLC content is reduced by vernalization. Due to high FLC, they show no difference in time to flowering at 16 and 23 C (Blazquez et al. 2003 , Balasubramanian et al. 2006 . However, like WT plants, flowering in autonomous/vernalization pathway mutants can also be enhanced by far-red light, even if FLC levels are high (Bagnall 1992) . Furthermore, SHORT VEGETATIVE PHASE (SVP) modulates flowering time in response to temperature by mediating the temperature-dependent functions of FCA and FVE. SVP negatively regulates FT by direct binding to the FT sequence (Lee et al. 2007) .
The aim of the present study was to shed light on the mechanisms underlying thermoperiodic control of floral bud formation in A. thaliana. The role of known floral induction pathways was studied by exposure of mutants therein to the same ADT given as alternating DT and NT or constant temperature, and by studies of expression of key genes controlling transition of flowering. Although vernalization is commonly considered to require continuous low temperature, it is unclear if low temperature in the light period only might exert a vernalization effect, and this was also investigated.
Results
Lower DT than NT accelerates floral induction without affecting leaf formation rate Lower DT than NT was shown to promote floral induction (on a rosette leaf and time basis) in the A. thaliana accession Ler . To test the effect of different thermoperiods in other A. thaliana accessions, Col-0, Ws-2 and Ler were exposed to different DT-NT combinations, all at an equal ADT of 20 C. All three accessions showed significantly (P 0.001) earlier floral bud formation on a rosette leaf number (Fig. 1A) and time basis (data not shown) under lower DT than NT (15 C/ 25 C) with 23, 18 and 15% fewer leaves for Ler, Col-0 and Ws-2, respectively, compared with the opposite (25 C/15 C) or constant temperature (20 C/20 C) regime. Higher DT than NT and constant temperature did not differ significantly.
To determine whether the leaf formation rate was affected by alternating DT and NT, rosette leaf formation until floral bud formation was monitored. The production of rosette leaves was not significantly affected by the different DT-NT combinations (Fig. 1B) . Furthermore, to investigate whether the differences in time to visible floral buds could be due to different elongation rates of the bolting stem, we also studied floral stages by microscopy. After 13 d, the first stage of flower development (Alvarez-Buylla et al. 2010 ) was visible in the 15 C/25 C DT/ NT combination (Fig. 1C) , whereas for 25 C/15 C and 20 C/ 20 C the first floral stage appeared at day 17, confirming earlier floral bud induction under lower DT than NT.
Thermoperiodic floral induction does not involve phytochromes, PIF4 or PIF5
Considering that phyB, phyD or phyE were found not to be required for thermoperiodic control of flowering in A. thaliana under 17 C/25 C compared with 25 C/17 C DT/NT (Thingnaes et al. 2008 ), but that phyA was not investigated, and roles of different phytochromes may depend on temperature , Brock et al. 2010 , Franklin et al. 2014 , we compared floral bud formation in phyA, phyB, phyD, phyE, phyAB, phyBD and phyBE mutants in the different thermoperiods. Like the WT, all mutants showed significantly (P 0.05) accelerated floral bud initiation under lower DT than NT compared with the other temperature regimes (Fig. 2) . Mutants including phyB had significantly fewer rosettes leaves at visible floral buds than the WT (53% and 56-64% fewer in phyB and double mutants including phyB, respectively) under lower DT than NT. Double mutants including phyB (phyA-201phyB-5, phyB-1phyD-1 and phyB1-E1) all showed significantly accelerated floral bud formation (P 0.001) compared with their respective single mutants (phyA-201, phyD-1 and phyE-1) in all tested thermoperiods. In particular, phyB-1phyD-1 and phyB-1phyE-1 showed accelerated floral bud initiation under all DT-NT combinations, with 56-63% fewer leaves at visible floral buds compared with phyD-1 and phyE-1, respectively ( Fig. 2A) .
Since pif4-101 mutants showed accelerated flowering under higher compared with lower constant ambient temperature under LDs but not SDs (Koini et al. 2009 , Kumar et al. 2012 ), we tested pif4-101, pif5 and pif4-101-pif5 mutants used in these studies for their responses to the different DT-NT combinations (Fig. 2B) . These mutants all showed significantly accelerated floral bud formation (P 0.001) under lower DT than NT, with 16, 14, 16 and 18% fewer leaves at visible floral buds for pif4-101, pif5, pif4-101pif5 and the WT, respectively, compared with the opposite and constant temperature regime (Fig. 2B ).
FT and LFY, but not SOC1, are required for accelerated floral induction in lower DT than NT To determine if known flowering time genes play a role in thermoperiodic control of floral transition, we assessed soc1, ft, co, lfy and tfl1 mutants for their sensitivity to alternating DT and NT and constant temperature, all at the same ADT. In contrast to their respective WTs (Ler and Col-0), ft-1 and lfy-1 were not able to distinguish between the different DT-NT combinations, and showed visible floral buds at the same number of rosette leaves regardless of thermoperiod (Fig. 3A) . lfy-1 showed floral bud formation at about 22 rosette leaves in all temperature regimes, which was similar to its WT Col-0 in higher DT than NT and constant temperature. Compared with its WT Ler, which showed floral buds after having developed eight and 12 rosette leaves under lower DT than NT and the other two temperature regimes, respectively, ft-1 showed later floral bud formation at about 21 rosette leaves in all treatments.
Time (days)
Like their WT, time to visible floral buds of the co-3, co-2, tfl1-11 and soc1-1 mutants was accelerated under lower DT than NT (P 0.001). As expected, like the ft-1 mutant, co-2 and co-3 were also notably delayed in floral bud initiation compared with their WT in all DT-NT combinations (Fig. 3A) . Depending on treatment, the co-mutants had 73-101% more rosette leaves at flowering than the WT. Thus, thermoperiodic control of floral bud formation apparently acts through FT and LFY, but independently of regulation of FT by CO.
Early floral induction under lower DT than NT is not linked to vernalization
Although time to visible floral buds in fca-1 and svp-32 did not differ between the different constant, ambient temperatures 16 and 23 C (Blazquez et al. 2003 , Lee et al. 2007 ), these mutants and the fve-1 mutant responded like the WT with significantly accelerated floral bud formation (P 0.01) under lower DT than NT, compared with the other DT-NT combinations ( Fig. 3B; Supplementary Fig. S1 ). The generally late flowering fca-1 mutant showed floral bud formation at 31% fewer rosette leaves under lower DT than NT compared with the opposite DT-NT combination. In svp-32, the degree of accelerated floral initiation under lower DT than NT was similar to its WT (about 20% fewer leaves). Upon exposure of the fca-1 mutant to constant 15, 20 or 25 C, no significant difference in time to visible floral buds was observed (P = 0.45) (Fig. 3C) .
We also investigated whether early floral induction under lower DT than NT might be linked to a vernalization effect. FLC transcript levels were unaltered between different DT and NT combinations during a time course of 18 d after the start of treatments (Fig. 4A) . Also, there were no significant differences in FLC transcript levels over 48 h in WT plants after exposure to different thermoperiodic treatments for 14 d (Fig. 4B) . Considering that fca-1 is late flowering unless vernalized, young fca-1 plants were vernalized for 0, 2 or 6 weeks before being transferred to different DT-NT combinations. Even after 6 weeks of vernalization, earlier floral bud formation occurred under 15 C/25 C DT/NT compared with the other temperature regimes (Fig. 5 ). Visible floral buds were then observed at an equal number of rosette leaves in fca-1 as in unvernalized WT; nine and 12 leaves for lower DT than NT and the two other temperature treatments, respectively (Fig. 5) , demonstrating that lower DT than NT does not act through vernalization.
Accelerated floral induction in lower DT than NT is linked to altered diurnal FT transcript pattern
To investigate further the role of FT, SOC1 and LFY in thermoperiodic control of floral induction, their diurnal transcript patterns were analyzed in WT plants exposed to different thermoperiods (Fig. 6) . At day 10 and 11, when no signs of floral buds were yet observed in the SAM in any temperature treatment (Fig. 1C) , a significantly different FT transcript pattern (P 0.001) was observed between lower DT than NT and the opposite DT-NT combination (Fig. 6A) . In lower DT than NT, the FT transcript level increased early during the light phase and reached a 40-to 50-fold increase relative to the early morning at day 10 late in the day or shortly after transition to darkness, before again decreasing in darkness. Unlike lower DT than NT, in higher DT than NT, the FT transcript level was low during most of the light period, but then increased towards the end of the day, peaking late in the day or early during the dark period, similar to the situation in lower DT than NT. At day 13, when microscopy revealed early floral stage 1 (Avarez-Buylla et al. 2010) in lower DT than NT but no signs of floral buds in the opposite DT-NT combination, the diurnal FT transcript pattern in the different temperature regimes was similar to day 10-11. A higher FT transcript level early in the day in lower DT than NT compared with the opposite temperature regime was also observed at day 14 and 15 after the start of treatments (Fig. 6B) .
The FT transcript pattern in constant temperature and higher DT than NT was similar, consistent with a similar number of rosette leaves at first visible floral buds. At day 10, 11 and 13 in lower DT than NT, the transcript level of SOC1 was significantly higher (up to 3-fold) than in the opposite DT-NT combination (Fig. 6C ). The highest SOC1 transcript level (P 0.001) was then observed in the middle of the day, i.e. it appeared to peak earlier than FT. At day 14 and 15, less consistent difference between these or the constant temperature at the same ADT was observed (Fig. 6D) .
At day 10, 11 and 13, the transcript level of LFY was significantly higher at lower DT than NT compared with the opposite temperature regime (Fig. 6E) . In lower DT-NT, the LFY transcript appeared to peak during the light phase at day 10 and 11, but at day 13 this pattern was not consistent.
Effect of thermoperiod on LHY expression and time to floral bud formation in lhy-21
Since the circadian clock component LATE ELONGATED HYPOCOTYL (LHY) regulates FT in photoperiodic control of flowering time (Mizoguchi et al, 2005) , we investigated the thermoperiodic response in the lhy-21 mutant. This mutant showed, in contrast to the WT (Ws-2), no difference in number of rosette leaves at visible floral buds under lower DT than NT and the opposite temperature regime (Fig. 7A) . In both cases, floral bud initiation occurred at the fifth rosette leaf stage, and under constant temperature at the sixth leaf stage.
In the WT, generally the LHY transcript level was low at the end of the day and increased during darkness, peaking in the morning before again decreasing (Fig. 7B, C) . At day 10, 11 and 13 of treatment, a significantly higher (maximum 2-fold) transcript level was observed in higher DT than NT in the morning, as compared with lower DT than NT (Fig. 7B) . A similar situation was also observed at day 14 but was less clear at day 15 (Fig. 7C) .
Discussion
Thermoperiodic responses are exploited for sustainable control of plant growth and development in greenhouse production in temperate regions, and have been suggested also to play a role in the earlier flowering in recent decades in natural environments with increased NT, particularly pronounced in northern areas (Myster and Moe 1995, Beaubien and Hamann 2011 ). Here we demonstrate that accelerated formation of floral buds in A. thaliana under lower DT than NT (a regime used in greenhouses), compared with opposite or constant temperature regimes at the same ADT is associated with altered diurnal rhythm of FT expression, with FT apparently acting through LFY.
Thermoperiodic control of floral induction is not linked to enhanced leaf formation rate Thermoperiodic control of floral bud initiation was observed by visual inspection on the basis of rosette leaf number (Fig. 1A) and time, and confirmed by microscopy of the SAM (Fig. 1C) in the A. thaliana WT accessions Ler, Ws and Col-0. Equal rosette leaf formation rate in the different DT-NT combinations (Fig.  1B) verifies the earlier floral bud initiation in lower DT than NT on a developmental basis. Although not studied with respect to floral induction, similar leaf formation rates in different thermoperiods at the same ADT have been reported in P. sativum (pea) and some ornamental plants (Myster and Moe 1995, Stavang et al. 2005) .
PhyA, B, D, E, PIF4 and PIF5 are not required for thermoperiodic control of floral bud initiation
Like the WT, all phy mutants tested exhibited significantly earlier floral bud initiation under lower DT than NT compared with the opposite and constant temperature regime at the same ADT. Thus, neither phyA, phyB, phyD nor phyE ( Fig. 2A ; Thingnaes et al. 2008 ) is needed for thermoperiodic control of floral induction, although functional relationships between different phytochromes were suggested to depend on temperature when tested under constant, ambient temperatures . Nevertheless, significantly delayed floral bud initiation under constant temperature compared with alternating DT and NT in phyD-1, phyE-1 and phyA-201phyB-5, in contrast to the WT, phyA-201, phyB-5, phyB-1, phyB-1phyD-1 and phyB-1phyE-1, is consistent with the suggestion of that phyD and phyE and possibly phyA might play larger roles than phyB under relatively cool, constant temperature. On the other hand, time to floral bud formation in phyA-201 in constant temperature compared with alternating DT-NT was not consistent with the pattern of phyA-201phyB-5. It might (C) SOC1 transcript levels at day 10, 11 and 13. (D) SOC1 transcript levels at day 14 and 15. (E) LFY transcript levels at day 10, 11 and 13. n = 3 samples per treatment at day 10, 11 and 13. n = 4 samples (i.e. two in each of two repeated experiments) per treatment at day 14 and 15. Transcript levels, which were normalized to ACTIN, are shown as mean fold change (±SE) relative to time 0 for higher DT than NT (day 10, 11 and 13) or constant temperature (day 14 and 15).
be speculated that the combined effect of mutation in phyA and phyB results in changes in interactions between phytochromes and/or other light receptors or downstream factors.
In A. thaliana, PIF4 is involved in diurnal and photoperiodic control of hypocotyl elongation, and SPATULA (SPT; another PIF family member) plays a role in repression of vegetative growth by cool DT (Sidaway-Lee et al. 2010, Nomoto et al. Effect of different DT-NT combinations on diurnal transcript levels of the circadian clock gene LHY in the WT Ler at day 10, 11 and 13 of the treatments. (C) LHY transcript levels in the WT at day 14 and 15. n = 3 replicate samples per treatment at day 10, 11 and 13. n=4 samples per treatment (i.e. two samples in each of two repeated experiments) at day 14 and 15. Transcript levels, which were normalized to ACTIN, are shown as mean fold change (±SE) relative to the minimum value for constant temperature. 2012). PIF4 and PIF5 have been implicated in thermal induction of flowering in SDs but not LDs, and in hypocotyl elongation upon change from lower to higher constant temperature in continuous light (Koini et al. 2009 , Stavang et al. 2009 , Kumar et al. 2012 . Nevertheless, our observation of early floral bud formation under lower DT than NT in pif4-201 and pif5 mutants as in the WT (Fig. 2B) indicates that PIF4 and PIF5 are not required for thermoperiodic control of flowering. Although responses to fluctuating and constant temperature may well differ, the importance of an interactive temperature-daylength effect cannot be excluded, as a 12 h daylength was used in the present study in contrast to the 8 h SDs in Kumar et al. (2012) .
Thermoperiodic control of floral induction is not linked to vernalization
Although floral buds are induced at the same time at different constant temperatures in the late flowering fca-1 and fve-1 mutants due to the FLC suppression of thermal induction (Blazquez et al. 2003 , Balasubramanian et al. 2006 , Lee et al. 2007 ; Fig. 3C ), these and svp-32 mutants showed accelerated floral bud initiation under lower DT than NT, similar to the WT ( Fig. 3B; Supplementary Fig. S1 ). Furthermore, although field experiments suggested that natural temperature fluctuations might be sufficient for overcoming FLC-induced floral repression in A. thaliana (Wilczek et al. 2009 ), no effect of different DT-NT combinations of FLC transcript level was observed (Fig. 4) . Also, fca-1 mutants still showed accelerated floral bud formation under lower DT than NT after 6 weeks vernalization (Fig. 5 ). These observations demonstrate that accelerated floral bud initiation under a lower DT than NT regime does not depend on a vernalization effect.
Thermoperiodic control of floral induction depends on the diurnal FT expression pattern and requires FT action through LFY
Since promotion of floral induction in response to increased constant temperature is linked to enhanced FT activity at the end of the light period and at night (Blazquez et al. 2003 , Lee et al. 2007 , Krogan and Long 2009 , we investigated the effect of mutation in FT and other flowering-controlling genes on thermoperiodic control of floral bud formation. Indeed, unlike the WT, the ft-1 mutant was not able to distinguish between the DT-NT combinations and showed visible floral buds at the same time independently of temperature regime at the same ADT (Fig. 3A) . This supports thermoperiodic control of floral induction through action on FT. Insensitivity of an ft-1 mutant (ft-1 Ler allele introgressed into Col) to diurnal fluctuation was also reported in a recent study comparing two different DT-NT combinations at a different ADT (constant 22 C vs. 22 C DT-12 C NT) (Kinmonth-Schulz et al. 2016) . Collectively, these studies indicate that sensitivity to diurnal temperature fluctuation appears to depend on FT.
The ft-1 mutant used showed late flowering at about twice the number of rosette leaves as compared with the WT (Fig. 3A) . This is similar to the situation in a wide range of studies of this and other ft mutant lines, with particularly pronounced delay in flowering under LDs and moderate delay in SDs (Koornneef et al, 1991 , Kardailsky et al. 1999 , Yoo et al. 2005 , Kinmonth-Schulz et al. 2016 ). Of such mutants, ft-1 and ft-10, which carries a missense mutation close to the C-terminus, and a T-DNA insert closer to the N-terminus, repectively, are among the best studied. Although ft-10 is a stronger allele, which is more delayed in flowering than ft-1 (flowering under LDs at 2.7 and 2.3 times more leaves, respectively, than the Col WT; Yoo et al. 2005) , the consistent significant delay in flowering in ft-1 under different growing condions (LDs, SDs and different temperature regimes) still can justify the use of ft-1 in the present study (Koornneef et al, 1991 , Kardailsky et al. 1999 , Yoo et al. 2005 , Kinmonth-Schulz et al. 2016 ; Fig. 3) .
The CO mutants co-2 and co-3 behaved like the WT, indicating that the action of FT in enhancing floral bud inititation under lower DT than NT is independent of CO. This is consistent with the notion that accelerated floral bud formation upon increased constant ambient temperature does not depend on CO (Blazquez et al. 2003 , Balaubramanian et al. 2006 .
Although SOC1 is known to act downstream of FT, at least in photoperiodic control of flowering (Yoo et al. 2005) , accelerated floral bud initiation under lower DT than NT does not appear to depend on action of FT on SOC1 since the soc1-1 mutant responded like the WT (Fig. 3A) . FT, which moves from the leaves to the SAM where it binds to FD, is known to affect the floral meristem identity gene LFY both directly and indirectly via SOC1 (Moon et al. 2005 , Yoo et al. 2005 , Kobayashi and Weigel 2007 . Visible floral buds at the same time independently of temperature regime in the strong lfy-1 mutant allele (Fig. 3A) , in contrast to in soc1-1, is consistent with FT acting through LFY, independently of SOC1, in thermoperiodic control of flowering.
Furthermore, the strong increase in FT transcript levels in the morning in contrast to the other DT-NT combinations at the same ADT (Fig. 6A, B ) strongly indicates that thermoperiodic control of floral induction is linked to modulation of the diurnal rhythm of FT expression. Recently, an altered rhythm in diurnal FT expression with later peak expression was shown to correlate with delayed floral bud induction in DT/NT 22 C/12 C compared with constant 22 C, and that timing of a 4 h temperature reduction during the night also affected the FT expression pattern (Kinmonth-Schultze et al. 2016) . Collectively, these results strongly indicate that in fluctuating DT-NT, the rhythm in FT expression depends on the exact temperature regime. Also, our study demonstrates that timing of temperature alteration is important rather than ADT. Enhanced LFY expression under lower DT than NT compared with the opposite temperature regime, together with lack of thermoperiodic effect on the ft-1 and lfy-1 mutants in contrast to soc1-1, are consistent with action of FT through the meristem identity gene LFY in thermoperiodic control of floral induction.
Although SOC1 does not appear to be required for thermoperiodic control of floral bud formation as judged from the soc1-1 mutant behavior, SOC1 expression preceding visible floral buds was significantly higher in the middle of the day under the lower DT than NT compared with the opposite DT-NT combination (Fig. 6D) . Taken together, it appears that increased SOC1 expression is not essential for the earlier floral bud initiation or that the FT effect on LFY is far more important.
It might be that a lowered DT combined with a higher NT is perceived as stressful and that this is the basis of the accelerated floral bud initiation. On the other hand, Thingnaes et al. (2003) suggested a larger effect of NT than DT. Accordingly, it might just as well be that a high NT exerts a stress-related effect at least when combined with a lower DT. Stress activation of flowering has been shown in A. thaliana and a range of other species under different stress conditions, such as reduction in nutrient availability, UV-C exposure, shading, low-intensity light, pathogen infection and drought (references in Martinez et al. 2004 ). Some of these, such as UV-C exposure in A. thaliana and nutrient deficiency in Japanese morning glory (Ipomoea nil, previously Pharbitis nil), were shown to be associated with increased FT expression (Martinez et al. 2004 , Wada et al. 2010 .
TERMINAL FLOWER 1 (TFL1) acts antagonistically to FT, and delayed flowering at 16 C compared with 23 C was partially supressed in tfl1 mutants, indicating involment of TFL1 in ambient temperature control of flowering at least under constant temperature (Strasser et al. 2009 ). In our study, the tfl1-11 mutant behaved like the WT, indicating that TFL1 does not play a role in thermoperiodic control of flowering.
LHY is likely to be involved in thermoperiodic control of floral induction
LHY encodes a MYB-related transcription factor which is a central part of the circadian oscillator together with CCA1 and TOC1 (de Montaigu et al. 2010) . Since LHY was shown to regulate FT in photoperiodic floral induction (Mizoguchi et al. 2005) , the floral induction response under different thermoperiods was investigated in the lhy-21 mutant. Since this mutant was not able to discriminate between the two alternating DT-NT treatments, and flowered at about five rosette leaves in both cases (Fig. 7A) , LHY might be suggested to play a role in thermoperiodic control of flowering. This is supported by the significantly lower LHY expression preceding floral bud formation in this DT-NT combination, compared with the opposite diurnal temperature regime (Fig. 7B) . Although it is likely that LHY regulates thermoperiodic flowering through FT, further studies are needed to verify this and the involvement of the circadian clock in thermoperiodism.
Although not investigated with respect to thermoperiodic control of floral bud initiation, there is evidence for suppression of LHY promoter activities by PRR9, PRR7 and PRR5, and for a genetic network in which PRR5, PRR7 and PRR9 regulate expression of genes encoding key transcriptional factors involved in hypocotyl elongation, flowering time and cold stress responses .
Conclusions
In summary, acceleration of floral induction under lower DT than NT involves altered diurnal rhythm of FT expression compared with the opposite and constant temperature regimes at the same ADT. The rhythm in FT expression depends on the timing of temperature alteration and the actual diurnal temperature regime rather than ADT, and FT apparently acts through LFY.
Materials and Methods

Plant materials, growing conditions and recording of floral buds
To investigate the basis of thermoperiodic control of floral bud initiation in Arabidopsis thaliana (L.) Heynh, mutants in known floral induction pathways were used. WTs were Columbia-0 (Col-0), Wassilewskija-2 (Ws-2) and Landsberg erecta (Ler). The mutants in the Ler background were: phytochrome mutants phyA-201, phyA-201phyB-5 (Reed et al. 1994) , phyB-1, phyD-1, phyE-1, and double mutants of these (see Thingnaes et al. 2008) , the ft-1 mutant in FLT, the co-2 and co-3 mutants in CO and the autonomous pathway mutants fca-1 and fve-1 (Koornneef et al. 1991) . The mutants in Col-0 were: pif4-101, pif5 and pif4-101pif5 mutants in PIF4 and PIF5 (de Lucas al. 2008) , lfy-1 in LFY (Schultz and Haughn 1993) , tfl1-11 in TFL1 (Shannon and Meeks-Wagner 1993) , soc1-1 in SOC1 and svp-32 in SVP (Alonso et al. 2003) . The lhy-21 mutant in LHY was in the Ws-2 background (Hall et al. 2003) .
Seeds were obtained from the European Arabidopsis stock centre (Nottingham, UK), except phyB-1, phyD-1, phyE-1 and double mutants of these as well as pif4-101, pif5 and the pif4-101pif5 double mutant , Thingnaes et al. 2008 , de Lucas et al. 2008 , Stavang et al. 2009 ). The mutant alleles, which in most cases were strong, were selected on the basis of previous studies showing altered flowering behavior in these as compared with their WT.
The floral integrator gene mutant alleles soc1-1 and ft-1 are well known as late flowering, and ft-1 was shown to carry a missense mutation close to the C-terminus (Koornneef et al. 1991 , Kardailsky et al. 1999 , Alonso et al. 2003 , Yoo et al. 2005 , Zhong et al. 2012 , Kinmonth-Schulz et al. 2016 . The strong tfl1-11 floral inhibitor mutant allele shows early flowering and harbors a missense mutation in the third exon (Shannon and Meeks-Wagner 1993) . The strong lfy-1 floral integrator mutant allele has a premature stop codon near the start of the coding region (Huala and Sussex 1992, Schultz and Haughn 1993) . The photoperiodic pathway co-2 and co-3 mutants are both well known as late flowering (Koornneef et al. 1991 , Samach et al. 2000 . The phytochrome mutants phyA-201 and phyB-5 are both strong alleles, showing delayed and accelerated flowering compared with the WT (Reed et al. 1994 ). phyB-1 shows early flowering and this together with, phyD-1 and phyE-1 are null alleles (Koornneef et al. 1980 , Aukerman et al. 1997 , Devlin et al. 1998 , Thingnaes et al. 2008 .
The autonomous/vernalization pathway mutants fca-1 and fve-1 are late flowering unless vernalized (Martinez-Zapater and Somerville 1990 , Korneef et al. 1991 , Martinez-Zapater et al. 1995 , Macknight et al. 1997 ). In the severe allele fca-1, a point mutation in exon 13 provides a premature stop codon, and fve-1 carries a point mutation in the seventh of 15 exons (Macknight et al. 1997 , Austin et al. 2004 ). The T-DNA insertion svp-32 mutant line was reported to show similar flowering time at different constant temperatures (23 and 18 C) (Lee et al. 2007 ). The functionally null mutant pif4-101 and the pif5 mutant are T-DNA insertion alleles, with pif4 showing a reduced temperature-induced elongation response as compared with the WT and accelerated flowering under high ambient constant temperature under LDs (de Lucas et al. 2008 , Koini et al. 200, Stavang et al. 2009 , Kumar et al. 2012 . The circadian clock component mutant lhy-21 harbors a T-DNA instertion 100 bp after the start of the seventh (last) exon and shows an altered circadian regulation (Hall et al. 2003) .
Seeds were surface-sterilized for 5 min in 70% (v/v) ethanol and 0.01% (v/v) Triton X-100, followed by 5 min in 96% (v/v) ethanol, before sowing on 1/2 MS medium (Murashige and Skoog 1962) with 0.8% (w/v) agar and stratification at 4 C for 4 d in the dark. The seeds were then germinated and the plants grown for 1 week under controlled environmental conditions (Conviron growth chambers) at 20 C and 8 h photoperiod at a photosynthetic photon flux density (PPFD) of 100 mmol m -2 s -1 at 400-700 nm (F96T12/CW/1500 fluorescent tubes; General Electric) enriched with light from incandescent lamps (60 W, Osram) to a red:far-red (R:FR) ratio of 1.7 (± 0.1). The PPFD was measured at canopy level with a 400-700 nm quantum sensor (Q 23031, Model LI-250, Li-COR) and the R:FR ratio with a 660/730 nm quantum sensor (660/730 Radiation Detector and Measuring Unit, Skye Instruments Ltd). Air humidity was adjusted to 0.5 kPa water vapor deficit. Seedlings were then transplanted into 12 cm pots (three per pot) containing a growth medium based on peat (Ssoil, Hasselfors Garden). The pots were kept under the same conditions for another week to allow plants to acclimate equally before the start of the different thermoperiodic treatments. Throughout all experiments, the seedlings were watered as required, and fertilized every 2 weeks with a complete nutrient solution (electrical conductivity = 1.5 mS cm -1 ). Different subsets of plants were then transferred to a 12 h photoperiod at irradiance, R:FR and air humidity as described above, and exposed to either of three different temperature regimes in 12 h cycles with the following DT/NT combinations: 25 C/15 C, 15 C/25 C and 20 C/20 C, all at the same ADT, as ADT will also affect floral induction. Leaf temperature was rapidly altered upon temperature change in the growth chambers (measured by thermocouples; data not shown). To evaluate leaf formation rate, the number of rosette leaves (!5 mm) was recorded in a time course prior to visible floral buds. The number of rosette leaves (!5 mm) when the first floral bud was visible was generally scored in three repeated experiments.
Stages of floral bud development were determined by light microscopy according to Alvarez-Buylla et al. (2010) in plants fixed in 4% formaldehyde, 1.25% glutaraldehyde, 0.1% (v/v) Tween-20 in 100 mM sodium phosphate buffer, pH 7.2. Fixed and vacuum-infiltrated tissues (1 h) were placed at 4 C overnight, washed twice with sodium phosphate buffer for 4 h and dehydrated in a graded ethanol series.
The WT (Ler) and the fca-1 mutant plants were also grown under constant temperatures in three 0.8 m -2 growth chambers (Thingnaes et al. 2008) . The other growth conditions were as described above with the following exceptions: light was provided by cool white fluorescent tubes (L36W/20, Osram) combined with incandescent lamps (60 W, Osram). Relative air humidity could not be controlled, but trays with water were placed under the chamber floors. During germination and plant establishment, the temperature was 22 C, and 10 d after germination, different groups of plants were transferred to constant temperatures at 15, 20 or 25 C. The number of rosette leaves at the time of visible floral bud(s) was recorded.
Sampling for transcript level studies
To investigate the effect of different DT-NT combinations on the diurnal transcript level patterns of the floral integrators FT, SOC1 and LFY, the circadian clock gene LHY and the floral inhibitor FLC, samples consisting of rosettes from four randomly selected plants each were harvested in diurnal time courses, starting 1 h after the light came on in the morning. Three repeated samples (n = 3) per time point were harvested every 4 h for 48 h, starting at day 10 of exposure to lower DT than NT and the opposite DT-NT combination, and at every 4 h for 24 h from day 13. In separate experiments, two samples in each of two repeated experiments (in total n = 4) were harvested every 4 h for 48 h, starting at day 14 under the different DT-NT combinations and constant temperature, all at the same ADT.
To investigate the FLC transcript levels during a longer period, samples consisting of four randomly selected plants per treatment were harvested in two replicate experiments every second day in the middle of the light period in a time course of 18 d after the start of the different thermoperiodic treatments.
Vernalization experiment
To test whether a lower DT than NT treatment might exert a vernalization effect, the impact of the thermoperiodic treatments on flowering was investigated in vernalized plants of the WT and the fca-1-mutant. Seeds were germinated and plants established in pots for 14 d as described above. The plants were then vernalized for 0, 2 or 6 weeks at 4 C under an 8 h photoperiod at 50 mmol m -2 s -1 before transfer to the three different DT-NT combinations and recording of visible floral buds.
RNA extraction and purification
At harvest, samples for RNA extraction were frozen in liquid nitrogen, and stored at -80 C until used. Total RNA was extracted from rosettes using the Qiagen Plant RNeasy kit and residual DNA removed through an RNase-free DNase treatment using DNA-Free TM (Ambion). The RNA quantity and quality were analyzed with a NanoDrop ND-1000 Spectrophotometer (Thermo Scientific) and an Agilent 2100 Bioanalyzer (Agilent Technologies).
Quantitative real-time PCR analyses
Quantitative real-time PCR (qRT-PCR) analyses were performed using a SuperScript VILO cDNA Synthesis Kit with the Express SYBR GreenER MasterMix kit (Invitrogen) in 25 ml reactions using an ABI Prism 7500 FAST (Applied Biosystems). The amplification conditions for qRT-PCR were: 95 C for 2 min followed by 45 cycles at 95 C for 15 s and at 60 C for 35 s. Reaction products were confirmed by melting curve analysis amplification and agarose gel electrophoresis. qRT-PCRs were conducted in triplicate for each sample with the primers shown in Supplementary Table S1 . A minus reverse transcriptase reaction was included to detect any remains of genomic DNA. Transcript levels were normalized to those of ACTIN.
Statistical analyses
Effect of the diurnal temperature regime and mutations on number of leaves at visible floral buds was analyzed using analysis of variance (ANOVA glm), followed by Tukey's test to test for differences between means (P 0.05; Minitab 15.1, Minitab Inc.). Results from repeated experiments were pooled. The effect of diurnal temperature regime at different time points on log transcript level of FT, SOC1, FLC and LHY was assessed by a mixed linear model with biological replicate as a random effect, using an F-test to assess the time Â temperature interaction effect. P-values for post-hoc pairwise comparisons of time-specific differences were adjusted for multiple testing by means of Tukey's Honestly Significant Differences (P 0.05) R version 2.13.1 (www.r-project.org).
Supplementary data
Supplementary data are available at PCP online.
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